This article proposes a novel adaptive switching control of hypersonic aircraft based on type-2 Takagi-Sugeno-Kang fuzzy sliding mode control and focuses on the problem of stability and smoothness in the switching process. This method uses full-state feedback to linearize the nonlinear model of hypersonic aircraft. Combining the interval type-2 TakagiSugeno-Kang fuzzy approach with sliding mode control keeps the adaptive switching process stable and smooth. For rapid stabilization of the system, the adaptive laws use a direct constructive Lyapunov analysis together with an established type-2 Takagi-Sugeno-Kang fuzzy logic system. Simulation results indicate that the proposed control scheme can maintain the stability and smoothness of switching process for the hypersonic aircraft.
Introduction
Hypersonic aircraft always switch flight control signals while flying in a large range of space and change their flight states continuously. It is, however, more difficult to steadily and smoothly control the switching processes for the aircraft, with their rapid time variation, strong nonlinearity, strong coupling, and model uncertainty. 1, 2 Complex nonlinear systems cannot be wellcontrolled by means of traditional control methods, which will increase the difficulty of switching control. 3 The following are some methods that have been proposed to analyze and handle these problems. Stability of switched systems has been researched and analyzed in Lin and Antsaklis 4 and Zhang et al. 5 Zhang et al. 6 and Zhang 7 were concerned with the filter design problem for a class of switched system with average dwell time (ADT) switching. They were also concerned with H ' filtering for a class of switched linear systems in discrete-time domain. 8 A logic-based supervisor has been designed to manage the switching moments between two main controllers. 9 Inverse dynamics has generated the trajectory for transition from vertical takeoff and landing (VTOL) to wing-borne flight. 10 A class of ''policy holding'' strategies have been proposed in the presence of measurement noise in Garone et al.
11
H 2 and H ' were usually used to handle control problems. 12 A generalized H 2 state feedback and dynamic output-feedback controllers have been designed for a class of linear discrete-time hybrid systems with timevarying delays. 13 A switched linear parameter-varying approach has been designed for rigid longitudinal dynamics of a hypersonic aircraft under the ADT and mode-dependent average dwell time (MDADT) switching logics which can ensure the tracking of given commands from the closed-loop system in control of hypersonic aircraft. 14 An extended bump-less switching technique has been proposed to offer an optimal control for continuous-time systems of hypersonic aircraft via linear quadratic optimal control and internal model principle. 15 A switching fault-tolerant control approach has been applied to an air-breathing hypersonic vehicle subject to time-varying actuator and sensor faults. 16 The piece-wise linear Lyapunov functions have been used to investigate the stabilizing switching control laws for discrete-and continuous-time linear systems. 17 An adaptive switching learning proportional-derivative (PD) control has been proposed for trajectory tracking of robot manipulators in an iterative operation mode. 18 Mahmoud and Al-Rayyah 19 and Mahmoud 20 established a new robust delay-dependent adaptive control design method for a class of nominally linear continuous-time systems with time-varying delays and unknown nonlinearities.
Interval type-2 Takagi-Sugeno-Kang (TSK) fuzzy, 21, 22 as a novel kind of fuzzy, has been proved to be more suitable to deal with uncertainty problems 23, 24 and has been widely used in control processes. Traditional type-1 TSK fuzzy logic system 25 has been used to resolve the control issue. 26, 27 It was often combined with some other methods to achieve adaptive and robust control of systems. 28, 29 However, as the system becomes more complex, especially for nonlinear systems, the exact fuzzy sets and membership functions are no longer enough to accomplish the task. Thus, type-2 TSK fuzzy logic controller arises and has undergone rapid development because of its ability to deal with problems of uncertainty more effectively.
Recently, type-2 TSK fuzzy has also been studied for controllers of nonlinear systems. An interval type-2 TSK fuzzy has been proposed to confront uncertainties for the supervisory adaptive tracking control of robot manipulators in the robot dynamics. 30 The structure of a type-2 TSK fuzzy neural system has been presented to handle uncertainties for identification and control of time-varying plants. 31 This article proposes an adaptive switching control of hypersonic aircraft based on type-2 TSK fuzzy sliding mode control. The proposed method is similar to the scheme for single-input and single-output (SISO) system in Hwang et al., 32 but the biggest difference between the proposed scheme and the reference is that the control plant in this article is a hypersonic aircraft, which has a multi-input and multi-output system of nonlinearity, variation, and instability with uncertain parameters.
The outline of this article is as follows: section ''Background'' presents the model structures of hypersonic aircraft and full-state feedback linearization as background. Section ''Design of switching control'' documents the design of the novel adaptive switching control in switching process. In section ''Simulation of 
Background

The model of hypersonic aircraft
The hypersonic aircraft has features of rapid time variation, strong nonlinearity, strong coupling, and model uncertainty. The three views of X-24B configuration are shown in Figure 1 .
Using the longitudinal force and moment equilibrium of hypersonic aircraft, the longitudinal model of hypersonic aircraft 33 can be obtained as follows
In this model, V , g, q, a, and h are the velocity of hypersonic, flight path angle, pitch rate, angle of attack, and altitude, respectively; b, v, and j are the throttle setting, natural frequency, and damping coefficient, respectively; m, m, r, M y , and I y are the mass, gravitational constant, radial distance from Earth's center, pitching moment, and moment of inertia, respectively. For the lift L, drag D, and thrust T , there are 
where C L , C D , and C T are the lift coefficient, drag coefficient, and thrust coefficient, respectively; r, s, and R e are the density of air, reference area, and radius of the earth, respectively. Uncertain parameters as an additional variance to the nominal values are used for controller design
Full-state feedback linearization
For a longitudinal nonlinear model of a hypersonic aircraft, the third derivative of V and the fourth derivative of h in equations (1)- (5) can be obtained as follows
where the first, second, and third derivatives of g are obtained according to equation (2) as
In equations (18) and (20),
, and p 2 = ∂p 1 =∂x. Therefore, the linearized model is obtained as follows
where
cos a ð24Þ
The nominal control law is as follows
Àf V h
: : : :
Design of switching control
We can get different control signals U 1 , U 2 , . . . in different conditions. U 1 is the control signal under condition 1, U 2 is the control signal under condition 2, and so on. A hypersonic aircraft switches condition 1 to condition 2 at t 1 , and steady work in condition 2 at t 2 , while the switching of control signals takes the transition time. The control law in the whole process is
where U t is the switching control signal, which is in the form of
The system structure of switching control is shown in Figure 2 .
As Figure 2 shows, for the block of switching control, the system structure of adaptive switching control based on type-2 TSK fuzzy sliding mode control is shown in Figure 3 .
As Figure 3 shows, control signals U 1 , U 2 are the inputs of type-2 TSK fuzzy controller, respectively; A b c ,Â d e , produced by adaptive laws, are used for type-2 TSK fuzzy controller, which made the system become more stable and adapt to the environment more quickly; the variable valuesÊ b c ,Ê d e , estimated by the estimator, are used for the compensate controller, which compensate the difference between optimal control signal and type-2 TSK fuzzy sliding mode control signal.
Interval type-2 TSK fuzzy
The interval type-2 fuzzy, as a special case of type-2 fuzzy, is similar to type-1 fuzzy structure. The biggest difference between type-1 and type-2 fuzzy is the type reducer. The system structure of interval type-2 fuzzy is shown in Figure 4 .
In Figure 4 , for the group of input-output data, there are two inputs, x 1 2 X 1 , x 2 2 X 2 , and one output, y 2 Y . In a type-2 TSK fuzzy logic (A2-C0) case, 34 IF-THEN rules are also used to describe the relationship between input data and output data. In type-2 TSK fuzzy rules, the jth rule can be expressed as R j If x 1 isF 1 j and x 2 isF 2 j and Á Á Á and x n isF n j , then 
The secondary membership function mFj
where mF i j are the interval sets. (j = 1, . . . , M; i = 0, 1, . . . , n). F j , which joins the results from meet operations, can be an interval type-1 set as
For the type reducer in Figure 4 , we use the centerof-set type reducer 35 y cos = ½y l , y r =
In the A2-C0 case, y 
Type-2 TSK fuzzy sliding mode control
In the switching process, we define the sliding mode variables as
Then, we can obtain the derivatives of S V and S h and equate them to 0 to define the sliding mode surfaces
À h : : : :
The output of type-2 TSK fuzzy control is U f , which we propose to estimate the ideal control signal U Ã . We use the Gaussian primary membership function with uncertain mean as the input membership function and the output membership function. We describe the ith rule of interval type-2 TSK fuzzy logic system as Rule i:
where U 1 is the control signal under condition 1 and U 2 is the control signal under condition 2;F Define
From equations (37)- (40), we establish the control output as Consequently, the control output is
in which
For the control signal U = ½b c , d e T , interval type-2 TSK fuzzy is used in the channel of b c and d e , separately, where b c1 , b c2 and d e1 , d e2 are their respective inputs. U f = ½b cf , d ef T is the output of interval type-2 TSK fuzzy.
According to the universal approximation theorem, U f has an optimal resolution U Ã f . Therefore
where e is the approximation error satisfying e i j j\E i for i = 1, 2, . . ..Ê is the estimated bound value of the approximation error
ApplyingÛ f to approximate U Ã , where A Ã is estimated byÂ, there isÛ
Therefore, the adaptive switching control signal of type-2 TSK fuzzy sliding mode control can be expressed as
whereÛ f = ½b cf ,d ef T , as the main control signal to mimic the sliding mode control signal U Ã ; U n = ½b cn , d en T compensates the difference between optimal control signal and type-2 TSK fuzzy sliding mode control signal.
Stability analysis
According to equations (51) and (53), U f is defined as
in which A =Â À A Ã . Therefore, equation (21) can be rewritten as
From equations (42), (43) and (56), we obtain
In order to prove the whole system stability, the Lyapunov stability theory is adopted. To make the sliding mode variables S, A b c , A d e , E b c , and E d e approach 0, we define the Lyapunov function as
where The derivative of equation (58) with respect to time is obtained as
To achieve _ V 0, we design the adaptive laws as
Then, _ V in equation (59) can be transformed as
which illustrates that the system is stable. In order to overcome the chattering phenomenon, we replace the sign function with the saturation function
In this way, we can rewrite b cn and d en as
Simulation of controller In the climbing mode, the thrust coefficient and the fuel ratio are computed as follows
Set up of experiments
In the cruising mode, the thrust coefficient is Tables 1-4 show the initial membership function parameters of type-2 TSK fuzzy controller.
Simulation of response to switching from climbing mode to cruising mode When the hypersonic aircrafts switch from climbing mode to cruising mode, they have to switch their control signals. In the climbing mode, the velocity command signal is a ramp signal, of which the slope is 10 m/s 2 ; the altitude command signal is a ramp signal, of which the slope is 75 m/s. In the cruising mode, the velocity command signal is 4590 m/s, and the altitude command signal is 33,528 m. Before 20 s, the hypersonic aircraft is in climbing mode. After 25 s, the hypersonic aircraft is in cruising mode. The switching occurs during 20-25 s. The control effects of switching from climbing mode to cruising mode are detailed in Figure 5 .
From the simulation results in Figure 5 , we can draw the conclusion that the direct switch cannot keep the system stable, which illustrates the research on the control of switching from climbing mode to cruising mode is necessary. Because fuzzy control is suitable to resolve the uncertainty problems, so combined with sliding mode control, type-1 TSK fuzzy and type-2 fuzzy can keep the switching process stable. Compared with type-1 TSK fuzzy, type-2 fuzzy has more advantages that the uncertainties of its membership functions can increase the capability of dealing with uncertainty issues. Additionally, the adaptive laws tune the system adaptively to make the system stable faster. As a result, the switching process by using type-2 TSK fuzzy sliding mode control is smoother. Meanwhile, the track errors of switching and the elevator deflection are smaller, which verifies the switching performance of hypersonic aircraft is better. Type-2 TSK fuzzy sliding mode control proposed in this article can provide an effective adaptive switching control to realize the stable and smooth switching process.
Conclusion
This article presents a novel adaptive switching control of type-2 TSK fuzzy sliding mode control to maintain stability and smoothness in the switching process of control. The full-state feedback linearization is used to linearize the complex nonlinear model precisely. Considering the problems of parametric uncertainties, an interval type-2 TSK fuzzy logic control scheme is combined with sliding mode control to design a stable, smooth, and adaptive switching control for hypersonic aircraft. The fuzzy set structure of type-2 TSK fuzzy approach is found to be more suitable to resolve the aforementioned uncertainty problems. In order to formally establish stability, a constructive Lyapunov analysis approach is used in design of the control system. The effectiveness of the novel controller is illustrated by simulations of control effects of switching from climbing mode to cruising mode. The numerical simulation results indicate that the control scheme proposed in this article has stable and smoother switching performance.
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